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ABSTRACT 


Aluminium metal matrix composites in stiip/sheet form have applications in 
automobiles and aerospace industries The demand foi these materials has been 
growing at a fast pace fiom several decades It is therefore desirable that these 
materials are produced at a lower production cost and in large quantities This 
present investigation deals with preparing Aluminium - Graphite MMC strips directly 
from the composite melt prepared by vortex method in combination with new 
technique of single roll continuous strip caster developed by Mehrotra and 
cowoikeis[l] 

This investigation was two pronged In the first stage, the composite melt was 
piepared by the vortex method and stnps weie produced with the stnp caster machine 
simultaneously optimizing tlie process parameters of casting In all casting expenments 
stilting was done at 400 rpm as it was found to be the optimum stimng speed, which 
resulted m better wettability of graplute particles and reduced entrapment of gases in the 
casted ship Strips were also produced with different amoimt of graphite inoculated in the 
melt, varying graphite particle size and with different operating parameters of the casting, 
VIZ speed of rotation of the caster drum, and the temperature of the melt 

The second part of this investigation involved evaluation of microstructure 
and properties of these strips m as cast and heat-tieated conditions Mechanical 
properties, which are of major concern, included tensile strength, yield strength, 
percentage elongation, hardness and wear properties (as giaphite is a good solid 
lubricant) Tensile strength was measured by preparing the tensile specimen of 
ASTM standards in longitudinal direction While the tension tests were done on 
INSTRON 1195 tension testing machine, the hardness measurement were earned out 
on automatic Rockwell hardness tester on Rq scale Micro structural aspects of the 
investigation essentially involved observing the strips under optical and scanning 
election microscopes to see the distribution of the graphite particles and the internal 
quality of the strips SEM examination was done on JOEL JSM 840 machine at 



various magnifications to observe reinforcing particles, pores and inclusions at 
vaiious locations of the sample 

Investigations showed that the recovery of the graphite particles in the 
composite inciease fiom 20% to 60% by the addition of 2 5 wt %o of magnesium 
Tensile stiength and yield stiength of the strips also increase with magnesium 
addition though at the expense of percent elongation Heat treatment of the strips m 
an inert atmospheie lesulted m increased stiength manifolds while ductility improved 
remarkably by subsequent aging at elevated tempeiatuie Composites with smaller 
size giaphite pai tides had highei strength than the composites with coarser size 
graphite paiticles Mechanical properties of cast composite ships improved with 
increase in speed of the rotation of the castei drum, which also resulted in thinner 
strips In all casting experiments stirring was done at 400 rpm as it was found to be 
the optimum stirring speed, which resulted in better wettability of graphite paiticles 
and reduced entiapment of gases in the casted strip 
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CHAPTER 1. 


INTRODUCTION 

Composite material can be defined, in a general way, as a man made 
engineered combination ol two oi moie niateiials, wheie tailored properties are 
achieved by systematic combinations of different constituents In technical terms it is 
defined as a material consisting of two or more physically and or chemically suitably 
arranged laces with a separating interface whose characteristics are not depicted by 
any of the components in isolation 

The classification of composite mateiials may be done based on vaiioiis 
factors, such as natiiic of the matrix, type, si/e and nature of the leinfoicenicnt, etc 
On the basis ol the nature of the matrix these are classified as 

1 Polymer matrix composites (PMCs) 

2 Metal matrix composites (MMCs) 

3 Ceiamic matiix composites (CMCs) 

4 Intcrmetallic matrix composites (IMCs) 

5 Elastoniei/Riibbcr matrix composites (RMCs) 

On the basis of size and kind of leinfoiced material they arc classified and sub 
classified as 

1 Continuous fiber composites 

• Single layered 

• Multi layeicd 

2 Discontinuous fiber composites 

• Particulate 

• Platelets 

• Whiskers 

Since this thesis mainly concerns with the metal matrix composites with 
discontinuous particulates, only these are discussed in what follows 


I 


1.1 METAL MATRIX COMPOSITES (MMCs) 

As the name suggests, MMC is the engineered combination of a metal as a 
matrix and some leinforcing object in the matiix Conventional material m monolithic 
foim has seveial limitations in terms of achievable combination of strength, stiffness, 
coefficient of expansion and density so engineered MMC consisting of continuous or 
discontinuous fibet, whiskers or particles in a metal lesults m combination of veiy 
high specific strength and specific modulus 

1 2 FABRICAl ING METHODS OF MMCs 

Vaiious labricatmg methods of MMCs can be classified into the following two 
based categoiies and sub categories 

1 Solid phase fabiication methods 

a) Diifusion bonding 

b) Powdei metallurgy (P/M) loute 

2 Liquid phase fabricating methods 

a) Liquid metal infiltration 

b) Squeeze casting 

c) Spray co deposition 

d) Compocasting 

In the fust categoiy, the P/M route is the most successful and commonly used 
technique In the second categoiy, liquid metal inliltration, squeeze casting and 
compocasting methods, geneially leferred to as the casting loute methods, aie more 
commonly used techniques There are seveial advantages of the liquid phase methods 
over the solid phase methods, which make them more popular and commercially 
viable Major advantages are 

a) Complex shapes can be produced easily 

b) Shorter fabiication times 

c) Lesser cost of unit pioduction 

d) Secondary processes of fabiication are minimized or even completely 
eliminated at times 
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In the piesent investigation, aluminium giaphite MMC is cast in a strip form 
The composite being piepared using the vortex liquid dispersion method, is chosen 
primarily for its low cost and ease of operation 

1 3 INDUSTRIAL METHODS TO PRODUCE MMC STRIPS 

At piesent in industry, lollowing methods are utili7ed to pioducc MMC stiips 

• 1 aminatinn 

• Deposition 

• Spray foiming method 

• P/M route 

• Continuous casting methods 

Generally casting of MMC m strip or sheet form is performed in several steps 
in senes 

• Casting of ingots or billets fiom the liquid composite melt 

• Subsequent rolling of the ingot oi billet to produce stiips/sheets 

• Intermediate heat tieatinent of the pioduct lornied 

• Various finishing operations applied to produce final finished product in 
desired shape and size 

Out of these various steps, the rolling step is the most ciucial one since it 
results in a high i ejection rate of the stiip/shcets due to cracking This happens 
because composite in geneial are more brittle than the metal constituting the matrix of 
the MMC This high rejection rate makes the overall rolling opeiation quite expensive 
and energy extensive Because of these problems associated with the rolling of 
composites, efforts aie going on for several years to develop techniques similar to 
continuous casting of metal strip/sheets 

Some of these techniques, which show potential for commercial applications, 
includes 

• Chill block melt spinning 

• Twin roll casting 

• Melt drag piocesses 
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Among the melt drag processes, the Single Roll Continuous Strip Caster 
piocess IS one of the newly developed techniques to produce near net shape 
continuous stiip In this thesis this technique has been adapted to produce aluminium 
giaphite MMC ships The technique is essentially used to produce MMC strip directly 
from the melt thereby saving energy and skipping several intermediate unit operations 
that aie needed in the conventional method of strip/sheet production 

1 4 USES OF MMCs 

MMCs have remarkable properties and promising applications and use in 
automobiles, aerospace industry, spoit and house hold items MMC in general and 
aluminium graphite MMC m particular have the following applications and properties 

• Making of cylinder pistons and othei engine parts - Cast aluminium 
graphite alloy piston, used in single cylinder diesel engine with a cast iron 
bore, reduces fuel consumption and frictional horsepower losses [2,3] 
Also because of the lower density of these composites the overall weight 
of internal combustion engine is reduced Due to their good antiseizure 
properties, engines made of these composite do not seize during cold start 
or failuie of lubricant 

• Heavy machinery parts and equipment of aerospace structures - To avoid 

vibrations in aerospace structure these composites due to their good 

/ 

damping capacity are used to make parts and components, which can 
replace cast iron Window fiames of aerospace structures and shock 
absorbing cylinders, which are made up of the sheets of these composites 
Are the typical products which utilize damping pioperty of these materials 

• Sliding electrical contact components - In electrical contact equipments 
sometimes sliding contact is needed for continuous electric supply in 
moving paits Thus, to have a better electrical contact, as well as, good 
lubrication between moving parts these composites are successfully used 

• Spoils goods - Tennis rackets, golf sticks, mountain bike frames etc are 
made of such composites wheie their lightweight and good strength 
properties, aie made use of 
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PRESENT 


15 OBJECnVE AND PLAN OF THE 
INVESTIGATION 

Observing the growing demand of MMC in strip form, methods have to be 
developed to ptodiicc MMC at cheapci cost and on huge scale on continuous basis to 
save energy and pioduction time Since aluminium giaphite composite in sheet foini is 
also having similai demand and applications, a composite made up of binary alloy of 
aluminium and silicon as metal matiix and paiticulate giaphite mcorpoiatcd in the 
matrix as lemloicmg material is pioduced The picsent investigation has the main 
objective of establishing the feasibility of producing these composites in stiip form 
using the single loll continuous stiip caster machine and evaluate the piopcities of 
these steps to decide whether these can be used in the industry on legular basis 

The plan of woik m the present investigation can be divided into two parts In 
the fust part composite strips aie pioduced on the single roll strip caster under various 
operating conditions Optimum conditions for producing quality composite strips are 
established after peifoiming several experiments In the second part, evaluation of 
properties of the stiips thus produced is done by analyzing the microstructure and 
measuring mechanical properties of the strips Micro structural evaluation involves 
the examination of segregation of graphite particles, poiosity and inclusions, etc 
through SEM and optical microscopy Mechanical properties evaluation involves 
haidness measurement and tensile testing of strips determining the percentage 
elongation and yield stress of the strips These measurements have been carried out on 
both as-cast and heat-tieated composite strips Addition of small amount of 
magnesium makes this composite heat ticatable and the strength improves with 
treatment 

This thesis has six chapteis The fust chapter is a brief intioduction and the 
second chapter presents the background literature The single roll continuous strip 
caster, which has been used for casting MMC strips, is described in chapter 3, and 
experimental procedures are presented in chapter 4 Results obtained in this 
investigation are presented and discussed in chapter 5, while chapter 6 gives the 
summary and conclusions 
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CHAPTER 2. 


BACKGROUND LITERATURE 

In this chapter a brief description of various methods of producing MMCs is 
presented Special emphasis is given to produce MMC strips by different techniques, 
which are piesently being used in industiies Since this investigation deals with a 
liquid phase fabiication technique of fabiicating MMC strips, various aspects lelated 
to mixing of pai tides m the melt, solidification of the melt and the interlacial 
interaction of reinforcing particles with the matiix are described at the end of this 
chaptci 

2 1 FABRICAIION TECHNIQUES OF MMCs 

There aie scveial fabiication techniques available to manufactuie the MMC 
materials These can be broadly classified into two categories 

• Solid phase fabiication methods 

* Liquid phase fabiication methods 

These two routes involve widely diffeient techniques of producing MMCs having 
certain meiits and dements 

2 11 Solid phase fabrication methods 

These methods include the following 

2 111 Diffusion bonding 

This method is noimally used to manufacture fiber remfoiced MMC with 
sheets or foils of matiix material Figure 2 1 shows the steps involved in fabricating 
MMC by diffusion bonding Here the matrix metal or alloy, in the foim of sheets and 
the reinforcement material m the form of fiber are chemically suiface treated for 
effectiveness of interdiffusion Fibers are then placed on the metal foil in 
predetermined oiientation and bonding takes place by press forming diiectly 
Diffusion bonding in vacuum conditions is more effective than in atmospheiic 
conditions Because of the i datively low temperature involved, a fiber coating 
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treatment for solid phase fabrication is not as critical as in the case of liquid metal 
mfiltiation, but the piessure applied for enhancing diffusion bonding may cause 
damage The applied pressure and tcmpciatme as well as the duration of diffusion 
bonding to develop, vary with the composite systems 

Stiirdna m«<(rr)i>| 
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2.1 1.2 Towdci luclalluigy technique 

This IS one of the most commonly used methods for the preparation of 
discontinuous leinforced MMCs Figuie 2 2 shows the flow chart of the gcneial 
powder metallurgy route to fabiicate these composites In this piocess powders of 
matrix materials and reinforcements are first blended and fed into a mould of the 
dcsiicd shape 



Fig 2 2 Flow chait (oi composite labncalion by powder mctalluigy 
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Pressure is then applied to further compact the powder (cold piessing) In ordei to 
facilitate the bonding among the powder particles, the compact is then heated to a 
tempeiature, which is below the melting point but high enough to develop significant 
solid state diffusion (sintering) The consolidated product is then used as a MMC 
mateiial after some secondary operation like extrusion to increase the mechanical 
strength Metallic matciials such as coppei aluminium, cobalt, titanium, molybdenum 
based alloys and steel aie often used in the powder process as matrix mateiial with 
reinforcing paiticulatc being SiC/giaphitc/Ni/ fi oi Mo Ihis technique otfcis scvcial 
advantages ovei fusion nietalluigy of diffusion bonding Some of these aie 

• Lowei tempeiatuie can be used dining operation which helps in minimizing 
undesirable inteifacial leactions which occuis at high tempeiature between 
matrix and the paiticulates 

• In some cases it helps to prepare composites that cannot be piepaied by fusion 
metallurgy like SiC particles addition in molten Ti - alloy 

• A widei range of reinforcement levels of the particulate can be used as 
compared to those in the liquid melt 

2.1.2 Liquid phase iabiicatioii methods 

This fabrication route, also called as the casting route, includes of the 
following techniques 

2 12 1 Liquid metal iiifilti ntion 

This piocess is also called fiber tow mfiltiation Fibei tow can be infiltiated by 
passing through a bath of molten metal Usually the fibers must be coated in line to 
promote wetting Once the infiltrated wires arc produced, they must be assembled into 
a prefoim and given a secondary consolidation piocess to produce a component 
Secondary consolidation is generally accomplished through diffusion bonding or hot 
moulding m the two-phase liquid-solid region The fabrication process of MMC by 
vacuum metal mfiltiation is shown in Fig 2 3 The application of this piocess is 
limited because of the wetability problem of reinforcement with almost all liquid 
metals and the degradation of most fibers at high temperature The suiface tension 
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forces and dcgiee of wetting under the infiltration conditions mostly deteinunc the 
extent of penetration and bonding between the reinforcements and the matrix The 
infiltiation process can be done under atmospheiic pressure, inert gas enviionnicnt 
and m vacuum 



Fig 2 3 Flow chart for FP/Al plate castings 

Among these, vacuum infiltiation is the best way to fabiicate MMCs because in 
vacuum the surface activity of fibers is higher and thus better wettability can be 
achieved Metal maliix composites of the type A!20i wluskcis icmloiccd Al, Ot/AI, 
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B/Mg and C/Mg have been fabricated by this technique The fiber FP/aluminium 
casting infiltiation process differs fiom the liquid infiltration process used for 
preparing graplnte/aluminium composites because the FP/metal fabrication process 
permits casting of cpmplete parts m a single infiltration step 

2 12 2 Squeeze casting 

It IS defined as the ability to foicibly charge liquid metal into a preheated 
ccianiic libct oi any icinloiccmcnt picloim which is set in a metal die and thus to 
alloy the liquid metal to solidify by applying a high pressuie thereby squeezing the 
liquid metal This fabiication process is shown m Fig 2 4 The piefoim of the ceiamic 
libci IS pre-hcated to seveial bundled degiees centigiade below the melting 
tempeiature of the matiix. and then set into a metal die A1 or Mg alloy is heated to 
just its melting tempeiature and is squeezed into the liber pieform by a hydiauhc 
press to foim the mixture of fiber and molten metal Figure 2 5 shows a pieformmg 
method by pressing This piocess is solely employed for the benefits of high 
productivity and easy formability The composites produced by this method are of 
good quality and have high reliable strength This has the major advantage that, since 
the solidification time is small and high pressure (70 - 100 MPa) is applied to squeeze 
the liquid metal, theie is no reaction zone development on the interface of matrix and 
lemforccment, which gives a void fiee and high strength composite It is genet ally 
applicable to fabricate composites like AI 2 O 3 /AI, C/Mg, SiCw/Al, S 13 N 4 W/AI This 
piocess has the major limitation of size of the parts that may be cast because of the 
high-pressui e requii ements 

2 12 3 Spray Co-deposition 

This IS an economical method of producing the particulate composite using the 
spray deposition method A schematic diagram of the process is shown m Fig 2 6 The 
alloy to be spiayed is melted by induction heating in a crucible The crucible is 
pressurized and the metal is ejected through a nozzle into an atomizer where at the 
same time particles (reinforcements) aie injected into the atomized metal 
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aiitl deposited oil a piclicateii substiate placed in the line of flight A solid deposit is 
build up on the colleetoi llie tieposited strip when cold is moved from the substrate 
foi the subsequent i oiling Ilie shape of the final product depends on the atomizing 
condition and the gtiapc uiul the iiiolioii of the collector Vaiious second phase 
paitieles namely sand, alumina, SiC, chilled non. graphite etc can be successfully 
incoipoiated in aluminum and Al-SSi alloy matiixes Tins route can be used for the 
production of laige quantities of high quality MMCs both in technological and 
economical sense It is used to pioduce nialcrials, which have applications including 
Iticlion matciials, cleetncal brushes and contacts and cutting or grinding tools Full 
density is not achieved duiiiig this pioecss and hot oi cold lollmg is used to clensdy 
the maleiial piun to niechanieal lesluig 



Fig 2 6 Schematic diaguim of spiay deposition equipment 



2 12 4 Compocasting 

This process is an improved version of slush or stir casting, also known as 
semisolid casting or rheocasting A schematic diagram of this process is shown in 
Fig 2 7 In this process, first metal alloy is placed in the system with a blade assembly 
in place The chamber is evacuated and the alloy is then superheated above its melting 
temperature and the stirring is initiated by a DC motor to homogenize the 
tempeiature The induction power is gtadually lowered until the alloy is 40 to 50% 
solid, at which point the non-metallic pai tides aie added to the sluiry The 
tempeiatuie is raised while adding leinforcement but ensuring that the total amount of 
solid, which consists of fibeis and solid globules of the slurry, does not exceed 50% 
Stirling is continued until interface interaction between the particulates and the matrix 
piomote wetting The melt is then superheated to above its liquidus temperature and 
bottom pouted into the graphite mould by laising the blade assembly Since the 
dispersoids aie enliapped between the primary solid phases in the slurry, they are 
prevented from floating, settling or agglomeiation The increased mixing time at 
lower tcmpciatuic aftei additions help m promoting wetting and impiovcd bond 
(oimalion this piocoss has the iKlvantagos lliat it can be picloiintd at leni|)ciiiliiic 
lower than the those which are conventionally used in loundry piactice dining 
pouring, resulting in reduced thermo chemical degradation of the reinforcement 
surface But it also has a demerit that the residual pores between fibeis cannot be 
eliminated completely and entrapment of gases causes surface blisters in the castings 
while making the ingots 

2.1.3 Comparison of different tecliiiiqiies 

To summarize the various techniques of fabricating MMCs, Table 2 1 
compares these techniques with respect to their cost, applications and different 
conditions of fabrication 
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used to make sheets blade, vane 
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handles foils or sheets of matrix and 
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powdei 

mctalluigy 

technique 

medium 

maily used to produce small 
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pistons valves the high strength 
and high-rcsistant matciials 

both matiix and leinfon ement are used in 
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liquid 
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medium 

widely used m automotive 
industry for producing difierent 
components such as piston, 
connecting rod rockei arm, 
cylinder head, suitable for making 
complex objects 

geneially applicable to any type of 
reinfoicemcnt and may be used tor laige- 
scale manufacturing 





low 

It IS widely used in automotive, 
aerospace, industrial equipment 
and spotting good industries used 
to manufacture bearing materials 


particulate reinforcement is used 1 ull 
density inateiials can be produced 

suitable for discontinuous fibres 
especially particulate reinforcement 


lable 2 1 Companson of diflcicnt techniques 
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2 2 PRESENT TECHNIQUES TO PRODUCE MMC STRIP/SHEETS 

Following methodb are commonly used to produce MMC strips and sheets 

• Lamination 

• Deposition 

• Spray foimmg methods 

• Powder metallurgy route 

• Continuous stiip casting methods 

2 2 1 Lammation 

This IS a gioup of methods m which strips are produced by laminating the 
components of the composite in alternate layers [4] Temperature and pressure are 
applied to produce bonding at interface Surface preparation, pressure and time, 
chemical reaction between the component materials greatly influence the behavior of 
the strips so produced 

2.2 2 Deposition 

It involves atomic or molecular scale transport of the component materials 
Chemical vapour deposition, electroplating, etc are the processes of this type These 
processes aie slow and expensive [5], though the product generally is of high quality 

2 2 3 Spray forming method 

In this method the matrix in the liquid form is sprayed onto the substrate Here 
a gun IS used in which a flame melts the matrix metal and also propels it m finely 
divided form towai ds the substrate Here discrete interfaces do not exist between the 
metal and the reinforcement as in the case of bonded laminates 

2 2 4 Powder metallurgy method 

In this method, the matrix metal is in the form of finely divided powder form 
It IS then compacted and consolidated using processes such as sintering, rolling, etc 
This method can be further subdivided in following two types 
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• Roll compaclion - In this piocess, first a green strip of metal powders is 
produced using a binder and plasticizers The ship is then passed through the 
rolling mill to obtain a coherent strip 

• Isostatic pressing - External piessure from equal side is applied to the 
powdered mass in this process In hot isostatic piessmg (HIP), the powder is 
heated while being subjected to external pressure The pressure source may be 
hydraulic or may be applied using gas 

2 2 5 Continuous stiip casting methods 

MMC production has the shortcoming of high cost and complex processing 

technique This is the greatest hairier for it to be utilized on commercial scale 
Continuous strip casting methods is a step forwaid to decrease the overall cost of 
production, simultaneously achieving better properties and shorter production time 
Following are some of the new techniques of producing continuously cast metal strips 
[6-9] 

1 Chill block melt spinning (CBMS) - It involves formation of a molten jet, 
which then gets impinged on a rotating drum A typical ribbon width of 3rmn 
and iibbon thickness of 20-200 pra depending upon substrate velocity can be 
cast 

2 Twin loll continuous casting - This piocess was developed commercially by 
huntei in 1950’s Liquid metal stream impinges between two fast moving rolls 
in opposite direction and solid strip forms directly fiom molten metal Strips of 
gauge thickness of 6 to 10 mm have been cast by this technique 

3 Melt drag process- In this process metal is applied to the rotating drum thiough 
a nozzle, which gets removed by contact of meniscus with the rotating drum 
Strips of width up to 300 mm have been produced by this method Here 
thickness of ships depends upon the metal flow rate, melt temperature and 
speed of rotation of the castei drum 

Schematic diagrams of various continuous strip casting techniques are shown m Fig 
2 8 
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F,g 2 8 Scl.cn, al.c dicg.ain ol va.io.is oonUnuous sl.il. casting techniques 
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2.3 MIXING PHENOMENON OF PARTICLES IN MELT 

To produce excellent quality MMC strips it is utmost impoitant that the 
particles added in the melt are properly mixed and uniformly distributed in the melt 
There are many parameters, which govern this mixing characteristic These aie 
described in some detail below 

2 3 1 Wetting characteristics of particles 

Wetting IS one of the major properties of particle reinforcement in MMC This 
not only deteimines the amount of particles that actually get incorporated but also 
determines the piopeities of the cast MMC The wetting property or wettability of 
liquid on a solid surface is indicated by the contact angle 0 as described in appendix 
A1 For wetting to occur contact angle must be less than 90° 

There are various factors that govern the wetting characteristics of a solid 
particle in liquid melt They are as follows 

2 3 11 Factors affecting wettability 

• Surface tension 

• Adsorbsion 

• Work of adhesion 

• Presence of oxygen 

• Surface characteristics of reinforcement 

Surface tension ~ High surface tension i e (ylg) implies laigei contact angle, so 
in order to wet a solid surface by liquid sufficient chemical leaction must take 
place at the interface between particle and liquid metal so thatysl decreases the 
contact angle Dalannay et al [10] have shown that a liquid wets a solid surface 
only if the energy of the bonds that are created across the interface exceeds the 
surface tension of the liquid 
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Adsorbsion - It is a physical phenomenon, which takes place between the liquid 
matiix atoms and the solid particles Reaction between matrix and pai tides 
inci eases the wetting but there is a loss of particles after the reaction 

Work of adhesion — It is a measure of the strength of binding between two 
phases It should be equal to or greater than the surface tension to have the 
wetting The effect is more pronounced for metals having higher affinity for 
oxygen [11] 

Presence of oxygen - Presence of oxygen causes the formation of oxide layer on 
the surface of a liquid metal, which has higher affinity for oxygen (like 
aluminium) This hinders the direct contact between the metal and reinforcement 
and reduces the bonding strength thereby decreasing the wetting property 

Surface characteristics of particles - Nature of die surface of reinforcing particles 
also affects wetting If particles are contaminated pnor to the addition in the melt, wetting 
IS affected by varying degree The contaminants change the surface energy, which further 
adversely affects the contact angle reducing the wettmg 

2 3 12 Approaches to improve wettability 

Various methods have been employed to enhance wetting behavior These 
include 

• Coating of particles 

• Addition of alloying element 

• Stirring of melt 

• Preheating of paiticles 

• Temperature of melt and stirring 

Coating of particles - When there is mutual solubility or formation of 
inteimettalic compound then wettability is highest [12] Several elements like 
copper, nickel, silver, etc have been used for coating of paiticles [13] Foimation 
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ot intermctallic compound changes the interfacial energy by decreasing the contact 
angle, thereby incieasing the wettability Pai [11] has successfully produced 
giaphite paiticles of size 2-200 pm coated with copper thickness of 2-5 pm These 

coppei coated graphite particles have then been utilized to produce aluminium — 
graphite particle composite by Surrapa and Rohatgi [14] 

Addition of alloying element — Elements which have higher affinity for oxygen 
than the matrix element, lower the interfacial energy of liquid metals with oxides 
and enhance wetting property Some of the common alloying elements used for 
this puipose are magnesium, silicon and lithium 

Stirring of melt - Stirring of melt during and after addition of the reinforcing 
particles improves wettability of particles by the melt Impeller rotational speed as 
well as the correct blade angle help in good mixing of particles by defiagmatmg 
the coagulated particles 

Preheating of particles - One of the major causes of poor wettability of particles 
IS the presence of adsorbed gases and volatile compound on the surface of 
particles, which restrict the direct contact between particles and the melt As in 
case of aluminium-alloy graphite composites, preheating of graphite particles 
helps m removing these gases [15] Figuie2 9 shows that it is possible to remove 
most of the volatile substance and adsorbed gases on the giaphite particles by 
heating the particles to 400°C for about 30 min Figure 2 10 shows that the time 
lequiied to lemove all the volatile substance and gases can be less than 30 mm, if 
the pieheating temperature exceeds 400°C However severe oxidation of graphite 
particles is noticed at higher activation temperature 
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Fig 2 10 Isolhcimal heating of giaphite powdei m an at different tcmpeiatuie 
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Temperature of melt and stirring - High temperatuie and long time of contact of 
melt and paiticle also influence the wetting pioperty Optimized value of these 
paiameters helps in diffusion of carbon through AI 2 O 3 layer at high temperature 
and long contact time, which impioves the bonding between the particles and melt 
m aluminium - graphite system [16] 

2 3 2 Particles recovery and particles distribution 

Various investigations aie reported m literature on particles recovery and their 
distiibution in the melt It is noted that it is very difficult to obtain uniformly mixed 
melt Some of the inbuilt chaiacteristics of mateiial and melt responsible for this are 

• Aggiegation and skeleton loimation during entry of particles in the melt 

• Setting or flocculation of individual particles and particles aggregates in the 
melt before and during solidification owing to density difference 

• Localized pushing of particles by solidifying interfaces causes micro 
inhomogeneity in particle distribution 

Apart fiom these inherent natural tendencies of materials, there are a few external 
factors also, which contribute to mixing behavior of particles 

1 Particle size and shape - Fine particles have the tendency to agglomerate, 
which prevents good mixing of particles into the matrix So size distribution 
must be optimized 

2 Percentage of particles - It has been observed that viscosity is a function of 
reinfoi cement volume fi action and size An increase m volume fraction or a 
deciease in size increases the viscosity of slurry This limits the practically 
achievable amount of reinfoicement to about 30 volume % Since fluidity of 
Al-Si alloy is higher than puie A1 [17], it helps in incoi-poratmg moie graphite 
pai tides m the melt 
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3 Rate of addition of particles - It effects the mixing of particles because high 
I ate of paiticle addition does not give ample time foi perfect mixing and causes 
pai tides to float on the surface of the melt and agglomerate This results in 
pool lecoveiy The optimum rate for particle addition is found to be 30-40 
gm/min [18] 

4 Melt degassing - Wlren melt is degassed by the addition of hexachloroethane 
tablets, theie is a reaction between the aluminium alloy and it This results in release 
of chloime gas, which completely alters the surface properties and results in loss of 
recoveiy [15,19] 
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CHAPTER 3. 


SINGLE ROLL CONTINUOUS STRIP CASTER 


In this investigation casting of composite strips directly from the liquid 
melt has been done using the single roll strip caster designed and fabricated by 
Mehiotia and coworkers The detailed description of the caster is given elsewhere 
[15,10,18] Only a brief desciiption of it is presented in this chapter A schematic 
diagiam of the castei showing its various components is presented m Fig 3 1 

3 1 VARIOUS COMPONENTS OF THE STRIP CASTER 

The mam components, which combine to form the caster, are as follows 

a) Tundish / liquid melt reservoir 

b) Caster drum assembly 

c) Water cooling system 

d) Knife edge 

e) Stepper motor 

f) Electronic rpra controllei device 

g) Thermocouple assembly 

3 11 Tundish / liquid melt reservoir 

The tundish, which holds the liquid melt, is made up of fiie clay refractory 
brick It IS carved out fiom cuboid fire clay refractory buck in a specified size and 
shape The tundish contiols the flow of the liquid on the rotating castei drum in a 
uniform manner by maintaining a constant height of the liquid melt The tundish 
wall facing the dium has the same concentric profile as that of the caster drum It 
has a rectangular opening at the bottom that acts as an outlet for the liquid melt 
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Fig 3 1 Schematic diagram of single roll continuous strip caster assembly 








The placing of the lundish is caiefully done so that it is very close to the castei 
chum without touching it to avoid scratching of the drum surface At the same time 
it IS ensiiicd that gap between the dium surface and the tundish is not large enough 
foi the molten metal to leak through it A sketch of the tundish showing its various 
dimensions is given in Fig 3 2 
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Fig 3 2 lundish with its various dimensions (in mm) 

3.1.2 Caster drum assembly 

Caster drum is cylindrical in shape, which is open at both ends It is made 
up of high puiity (99 9%) copper There is an internal cooling arrangement 
through water spiays Ihe whole length of the caster is divided into two portions 
One is the caster drum and the other one is water outlet portion, which is drilled 
with holes on its suifaoe and piovicles an outlet for cooling water The inner 
suiface of the dium is tapered towaids the water exit portion to facilitate the easy 
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flow of the cooling water Both ends of the drum are fitted with brass flanges One 
end of the caster dium is connected to the shaft of the electronically controlled 
steppei motoi, which vanes the speed of the caster drum between 4 rpm to 50 rpm 
1 he othci end of the castei drum is connected to a water pipeline, which also holds 
the watei spiay assembly inside the drum The caster drum and the water outlet 
poition of the dium aie seated on the outer surface by a brass ring so that the exit 
water does not come in contact with the molten melt or the solidifying strip The 
caster dium is also fitted with thermocouples at two points to measure the 
temperature continuously dining the casting process 

3 13 Watei spiay system 

The main lunction of this assembly is to continuously cool the inner suiface 
of the rotating castei dium when it comes in contact with the liquid melt This 
assembly consists of foui nozzles placed at right angles to each other and in two 
lows such that it coveis almost entire inner surface area of the caster drum to 
ensuie its unifoim cooling I he spiay nozzles are specially designed such that 
each nozzle generates a fully developed water cone with a cone angle of about 70 
The nozzles aie fitted through the manifolds on the horizontal stainless steel pipe 
that passes thiough the brass flange on one of the openings of the caster drum 
I his pipe remains stationaiy when the dium rotates 


3.1.4 Knife edge 

I’he mam putpose of knife edge is to peel of the solidified strip from the 
suiface of the caster dium This is made of aluminium sheet, which has a sharp 
edge that peels off the stiip fiom the suiface as the caster drum rotates The peeled 
stnp IS then moved over the knife edge that acts as platfoim to rest the solidified 
stiip The position of the knife edge can be conectly positioned through its mount 
to give required horizontal and vertical movements for uniform peeling of the 

strip 


29 



3.1 5 Steppei motor 

A uni-step motor is used to rotate the caster drum at any specified 
lotational speed It luns with a 12 volt DC supply that is controlled by an 
electionic device 'Ihe motoi is diiectly coupled with a caster drum through a 
connecting shall or it can be coupled through a gear assembly to obtain widei 
range of the speed of the caster dium 

3 16 Elect! oiilc ipni coiiti oiling device 

I his clectionic device controls the rpm of the stepper motor, which furthei 
governs the movement of the caster duiin Using this device the rotational speed of 
the caster diiim can be contiolled 

3 17 Tlici mocouple assembly 

To measuie llie tempeiatuie of the caster drum wall at two points during the 
casting, chromel-alumel theimocouples are used One of the theimocouple is fixed 
at the midpoint along the length of the casting zone while the second is located 
almost at the watei-coolcd surface of the caster drum 

3.2 PROCEDURE OF STRIP CASTING ON SINGLE ROLL 
STRIP CASTER 

Casting of stup is done by fust pieparing the liquid melt and preheating the 
lundish When the tundish is pi cheated to a specified temperature the caster is then 
switched on The rpm of the stepper motor is adjusted such that the caster drum 
rotates at a speed chosen for the casting A piespecified watei flow rate is set for 
cooling the castei dium Liquid melt is then poured into the tundish, which is 
already piehcated to avoid any thermal shock Pouring of the molten melt is done 
such that a specified liquid level is maintained in the tundish throughout the 
casting process A metal pool is formed in the annular space between the rotating 
caster dium and the tundish wall As soon as the caster dium comes in contact 
with the molten composite melt, formation of solidified ship on the surface of the 
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caster chum begins Dining the initial stage of casting, the first portion of the 
solidified stiip IS dragged ovei the dium surface with the help of a dummy bar, 
which IS a bend aluminium strip of the same width as that of the stiip The strip 
itself gets peeled off fiom the caster suiface by the knife edge when it reaches the 
lop of the chum and tiavels on its own to the suiface of the knife edge, which acts 
as a platfoini tor holding the solidified stiip The strip casting continues as the 
molten melt is poured into the tiindish The hot solidified strip is then cooled in 
atmosphcie, maiked and pieserved foi its evaluation of the mechanical and micio 
structuial piopeitics I'lguie 3 3 is a schematic diagram showing the working of 
the castei and foimation of the strip 
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Fig 3 3 Schematic diagram showing the casting process 


32 



CHAPTER 4 


EXPERIMENTAL PROCEDURE 


Thib chapter deals with the complete description of the experimental 
proccduie that was employed to produce the composite strips It also describes the 
remedial steps that were taken during the casting process when problems were faced 
in pioducmg sound castings Preparation of standard specimens for mechanical 
testing and optical and SEM obseivations aie then presented at the end of this 
chaptei 

4 1 MATERIALS USED FOR COMPOSITE MELT PREPARATION 

Mam mateiial for preparing the aluminium graphite composites is binary alloy 
of Al-Si as a matiix metal and powdered graphite as a reinforcing element Table 4 1 
shows the composition of the commercial Al-Si (LM6) alloy, which was obtained 
from Bhaiat Aluminium Company (BALCO) Blocks of the aluminium alloy were cut 

from the ingots foi various experiments 

Powdered graphite was obtained by grinding graphite blocks By sieving their 
powder, size fi actions 44 -53 pm (fine) and 53-75 pm (coarse) were obtained 

Magnesium cuboids were cut from the block of commercially available pure 
magnesium casting 


Elements 

Wt % 

Aluminium 

84 46 

Silicon 

15 0 

Copper 

0 22 

Magnesium ^ 

0 09 

Iron 

0 23 


Table 4 1 composition of Al- Si alloy 
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4 2 PREPARATION OF THE COMPOSITE MELT 

I his IS the foieniost and ciucial step towards production of strips on the 
caster The ptinciple ol Vortex method was applied to incorporate the giaphite 
particles in the melt ot Al-Si alloy Figuie 4 1 shows the schematic diagiam of the 
expel imental set up which includes the resistance furnace for heating the melt, the 
crucible toi holding the molten melt and the stiiiei foi stiiiing the melt fiom the top 

hollowing steps weie taken in series to piepare a good homogeneous melt of 
giaphitc in Al-Si alloy 

• Melting ot Al-Si alloy 

• Addition of degassing compound 

• Addition of magnesium 

• Pichcaling ot giaphitc pailicles 

• Addition of giaphite paiticles in the melt 

• Stilling of melt 

4 2.1 Melting ol aluminium alloy 

dhe aluminium alloy in form of cubical blocks was placed in the crucible and 
was heated above its melting temperature The current and the voltage supplied to the 
fuinacc weie kept high so that the melting temperature could be achieved quickly 
This was done because alummium has a high oxidizing tendency The charge was 
then maintained at a piespccified temperature between 720-780'’C and the slag and 
dioss floating on the melt surface was skimmed off The charge was then ready for 
addition of degassing compound 

4.2.2 Addition of degassing compound 

Hexachloioethane tablets weie added quickly to the melt and the melt was 
stirred with the stiiier loi a few minutes 
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Stirrer Motor 



Fig. 4.1 Schematic diagram of the experimental set up 
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4 2 3 Addition ot magnesium 

Altci the addition ot degasifier, magnesium cube (1 5-2 5 gm) was tied, at one 
end ol a giaphite lod with puie aluminium wiie and was inserted at the bottom of the 
melt The lod with attached magnesium was kept in the melt for a few minutes and 
the melt was slowly stiiied manually with this rod until all magnesium got dissolved 
into the melt Caie was taken to minimize heat losses during this whole operation 
Attei sometime any slag if present was lemoved 

4 2 4 Pi cheating ot graphite particles 

It IS ncccsstuy to pieheat the graphite particles before introducing these into 
the melt [15] The leasons for this have been explained m some details in chapter 2 
Heating of powdeied giaphite paiticles was done in a resistance heating furnace at 
400° C loi 1 hour 

4.2.5 Addition of graphite particles 

Aftei the preheating, addition of graphite particles m the melt was an 
important and deciding step for preparation of the composite melt The time lag 
between heating of particles and their insertion in the melt was kept to a minimum 
Graphite paiticles were then added into the melt with the help of a long funnel Melt 
was continuously stiricd with the help of the stirrer while the graphite was being 
added to it The rate ol addition of graphite was 30-40 gm/mm for uniform mixing 
and bcttci iccovciy Care was taken that the particles were being dropped in the zone 
ol voitcx that was created by the stiiiei The melt temperature was maintained 
between 720-780°C to avoid rejection of particles 

4 2 6 Stiinng of melt 

After the complete addition of particles, stirring of the melt was continued for 
about 10-15 minutes at 400-500 rpm The stirrer rod of graphite was preheated m the 
furnace beloie inserting into the melt, to avoid thermal shocks and the consequent 
reduction of the melt temperature 
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Ncccssaiy piecautions weie taken to ensure that during all these above 
mentioned steps, tcmpciatuie of the melt did not fall below its melting temperature 
All addition and sliuing opeiations were performed through a small opening in the 
icfiactoiy covei of lire liunacc Temperatuie of the melt was continuously monitored 
using a thcimocouple Any slag foimed dining vaiious stages of the operation was 
icmovcd liom lime to time 

4 3 I’ROBLEMS ENCOUNTERED DURING MELl PREPARATION 
AND REMEDIAL MEASURES EMPLOYED 

While picpaiing a composite melt of aluminium-graphite, seveial 
technological pioblcms wcie laced If not taken caie of, these problems had adverse 
elfect on the quality of casting, homogeneity of the melt and recovery of the graphite 
paiticlcs Ihis also led to incieased inclusion content m the melt as well as loss of 
maliix metal in the foim of slag 

llic mam pioblcm aiose because of non-wettmg characteristic of graphite 
particles in the molten aluminium alloy melt So following measuies were taken to 
overcome this problem 

• SUiiuig of particles with a stirrer rod having angular and oriented teeth was 
chosen to pioduce unilorm voitex 

• Stilling of the melt was performed by alteimg the position of the stirrer rod to 
the legion of graphite particles, which could be seen floating on the surface of 

the melt 

• Magnesium was not used m the form of turning because in this form it has the 
tendency to catch lire when incorporated in the melt causing severe loss of 
Mg To avoid this, magnesium was added in the cuboid form 

. lemperature was closely monitored Any fall in it was immediately adjusted 
because low tempeiatuie leduces the wetting tendency of graphite particles 

• Pieheated graphite powdeis weie spiayed to avoid coagulation after heating 

. Instead of maintaining the temperature of the melt outside the furnace, it was 
maintained m the furnace itself before pouring into the tundish This step 
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cnsuicd that giaphite pailicles did not get enough time to float to the surface 
ol the melt 

4.4 Ori lMlZAllON OF PROCESS PARAMETERS FOR 
EXPERIMENTAL INVESTIGATION 

Foi obtaining a sound casting tlieie is a lange of values of process paiameteis 
that may be employed while using the single roll continuous strip caster A senes of 
expel imcnts wctc peifoimed and scveial tiials were made to optimize the castei 
paiameteis like height of liquid melt in the tundish, tundish nozzle gap cooling water 
flow lalc, pouimg tempciatuie, etc Table 4 2 shows the vaiiables of the casting 
dining stiip casting pioecss and then langes Similarly Table 4 3 shows the variables 
and then langcs foi vaiious steps during melt preparation 

4 5 E VALUA I ION OF COMPOSITE STRIPS 

Composite slnpvS pioduccd under different operating conditions subjected to 
evaluation by iiiechamcal testing and miciostructural observations 


4.5 1 Evaluation by mechanical testing 

For nicchamoal testing of the sliips tensile specimen weic produced in 
longitudinal diicclion Picpaicd samples match with the dimensions of ASTM 
standards as shown in Fig 4 2 It was ensuied that the samples were flat and there 

arc no suilacc cracks 

■Icns.le (csling was done on INSTRON 1195 tensile testing machine In this 
lest aulomatod load vcises displacement plots were recorded on a graph paper and 
llicil ulliinalo tensile stroiiglli and percentage cloilgalioii measured 

Haidness was ineasuied on auloinalie Rockwell Hardness Tester on scale ‘B' 
Strip samples were uniformly naltened and polished for tins test to prevent any 

surface crack 
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Pi ocess vaiiables 

Range ol values 

Speed of castci dium 

14-22 rpm 

1 undish nozzle gap 

10-20 mm 

Height ol liquid metal 

1 0-40 mm 

Pouimg tempeiatuie 

595 - 620 "'C 


1 able 4 2 optimized value foi casting parameters 


Pi epai ation steps 

Pi ocess variables 

Range of values 

Amount ol pai tieles added 

Size 

44-75 pm 

Amount 

4-10 % 

Particle variables 

Preheating 

400^^0 for 1 hour 

Rate of particle addition 

30-40 g/min 

Temperature of addition 

620-680'^C 

Mg addition 

Amount 

1 5 - 2 5 wt % 

Tempeiatuie of addition 

620 - 680''C 

Stilling paiamctcis 

Rpm of Stirling 

400-500 

Time of Stirling 

10-15 minutes 


fable 4 3 Optimized value of melt preparation vaiiables 
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Fi{» 4 2 Standaicl AS I M tensile specimen (all dimensions in mm) 


4.5 2 Evahia(ion of luiciosti uctuie 

I'lvc samples of each stiip wcie cut out fiom the middle of the stiips and fiom 
both edges to sec the distiibution of giaphite in the matiix of Al-Si alloy 

These samples weie then mounted by cold setting compounds The grinding 
and cmciy papei polishing was done on grade 1/0 to 4/0 papers This was followed 
by wheel polishing, lust with Ipmand finally with 0 3 pmalumina suspension The 
alumina suspension was prepared using distilled water The wheel polishing was 
continued till a miiroi suiface was obtained Similarly for SEM examination, 
samples wcic picpaicd 

Optical microscopic obscivations weie essentially carried out to see the 
distribution of giaphite pai tides and to calculate the percentage recovery of graphite 
pai tides by quantitative metallography 

SEM obscivations weie done on JSM 840A machine to see the segregation of 
silica on the surface of graphite at diffeient magnifications 
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CHAPTER 5. 


RESUl/rS AND DISCUSSIONS 

I Ins chaptci deals with the evaluation of composite strips that are produced on 
the oastci As mentioned m chaptei 4, several castings were produced by varying 
opeiating paiamctcis one at a time Piocess parameters, which were varied, included 
the amount ol leintorcing particles, size of the reinforcing particles, speed of rotation 
of the castci dium and the amount of magnesium added Mechanical properties and 
miciostruoluie ol all these ships has been examined and the results and their analysis 
aie piesentcd in this chaptci 

fo cnsuio icpioducibility ol the expeiiments, one set of experiment for casting 
Al-7wt %giaphite (coaise), 18 ipm of castei drum speed, was repeated 6 times and 
tensile tost value obtained for each strip was 124,121,119,116,122 and 118 MPa 
respectively flic avciage strength of these similar strips was equal to 120 MPa, and 
the deviation in slienglh value of these strips was found to be ± 4 MPa This result 
shows good icpioducibility of tensile pioperly for the strips produced by this 

technique 


5 1 EFFECT ON RECOVERY OF PARTICLES IN THE MELT 

Recovery is defined as the fiaction of particles that actually gets incorporated 

m thi. liqiml moll when J cciUm amount of panicles is put into the melt During the 

oxpoiinicnts wlioil giaplillo particulates were put into the molten alummium alloy only 

a fiaolioit ol those wuo retained by the melt and the rest floated on to the melt 

stiilacc, winch was icniovcd along with the slag To ine.ease the recovery of graphite 

paiticlos magnesium was added into the melt Figures 5 I and 5 2 show the effect of 

magnosum, addition on percentage recove, v of giaphite particles of Hue (44-53 pm) 

1 , fK'x vniiml narticles foi Iwo different initial amounts of graphite 

as well as coaisc (sb-vipmj paiucies nu 

paitioulatcs -- 5wt % and 7wt %, lespectively 

Kocovoiy ot graphite particles was determined using quantitative 

mctallogiaphic oalcuialions II is seen m these figures that gtaph.te recovery is 
substantially meieased with increased amount of magnesium for both coarse and fine 
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pai tides ot guiphitc Theicfoie foi all other sets of experiments 2 5 wt % Mg was 
used toi bettc. lecoveiy Inciease in iccovery of giaphite with magnesium addition is 
attnbiitcd to enhaneed wctabilty of giaphite paiticles in the molten aluminium alloy 
(magnesium leduccs the contact angle ot graphite paiticles by modifying the surface 
of the molten aluminium alloy [15]) Foi fine size paiticles the recovery is less than 
that loi the coaisc paiticles because the fine particles have the tendency to 
agglomciate and thus pi event many particles to come in direct contact with the molten 
alloy Anothei possible icason is laiger increase in viscosity of the melt as finer 
paiticles with huge suilace aiea may act as potential nucleating sites for the rapid 
soliditication ol the aluramium alloy [10,18,20] 


Rccovciy ol giaphite paiticulates is also affected by the amount of degasser 
that 18 added Figuic 5 3 shows this effect Increase in the wt of addition of degasser 
(hexachloroothanc) i educes the recovery because ejection of chlorine gas alters the 
wetting bchavioi of giaphite m molten aluminium alloy which results m rejection of 
dispeiscd giaphite paiticles [15,19] 



Fig 5 1 Effect of Mg on lecovery (5Wt % graphite) 
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5 2 MIX HANK AL PROPERTIES EVALUATION OF CAST STRIPS 

1 ensile testing and haidncss measurement weie carried out on cast strips both 
undci as east and hcat-ticatcd conditions The piimaiy purpose of heat treating the 
ships was to incitdse the ovoiall stiength of the composite as compared to that of the 
Al-Si alloy matiix because, giaphite being a soft and weak reinforcing material, 
dccicases the ovoiall stiength of the composite Heat treatment increases the strength 
and giaphitc addition enhances the weai resistance of the composite 

L’lfeets o( amount and size of lemforcement and the effect of speed of rotation 
ot the eastoi diuin on ineehanical propeities aie discussed below 

5 2 I Etlcct ot pai tide si/e and amount of graphite added 

Results ol as-cast and heat-treated strips are as follows In this set of 
cxpeiiinciits the speed ot the castei drum was kept at 18 rpm 

5 2 1 1 As cast stiips 

Giaphitc paitieles as reinforcing material in Al-Si alloy matrix result in 
icduction in ovoiall UT S ol the composite [15] Figures 5 4 and 5 5 show the effect of 
giaphitc addition on the UTS of the composite strips Figure 5 4 is a plot for the 
coarse pailielcs while Fig 5 5 is foi finei particles Fine particles result m a little 
highci stiength than the coaise particles because the former has larger surface area 
and gives bellei bonding between the particles and the matrix, which in turn, helps m 
load tianslei Horn matrix to the paiUcles Coarser graphite particles may also result m 
loimatum o( voids in the matrix acting as weaker sites for crack formation and thus 
dceioase the load cauymg capacity ol the composite [21] Care is to be taken to avoid 
agglomeiation ol I, no paiticles otherwise the distribution of the particles will not he 
uniloiin and the agglomeiation may behave like coarse particles Comparing Fig 5 4 
and 5 5, ,i IS seen that the composite with fine graphite particles have good tensile 
piopeilics with addition ol wt % giaplnte as compared to coarse one, though strength 
IS continuously dcci casing with increasing wt /o of graphite 



Tensile strength C^Ipa) ^ Tensile strength (^Ipa) 
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Fig 5 5 1' (led on tensile strength of wt % giaphite (fine) 


Similai licnds ate also obseived for percentage elongation of the composite 
stiips I'lguic 5 6 and 5 7 show the vaiiation of percented elongation with increase in 
wt %giap!iito loi both coatsc and line paiticles Reason for decreasing %elongation is 
pci haps (hit to lilt pitscnce ol poiosily and the deciease in the mean distance between 
the itinlotting paititlcs 

1 igLiits 5 8 and 5 9 show the ticnd foi haidness (on Rockwell ‘B’ scale) 
vaiiations with inti cased amount of giaphite paiticulates Hardness decreases with 
met cased giaphite amount bcc<iuse giaphite is softei than the matrix 

52 12 Heal lieatetl sliips 

All above liguies also show the coircsponding tensile stiength, % elongation 
value loi the sliips heal ticated The tensile stiength value is always higher for the 
heat tieatcd stiips as eompaicd to the coriespondmg as cast strips This is attributed to 
loi Illation ol Mg 2 Si phase, which is haider and increases the strength of the strip In 
llicse Hguics It IS also obscivcd that the stiength of heat heated strips is higher than 
the stiength of the puic as-cast niatiix of Al-Si 

Ihc value ol % elongation is less for heat-heated strips as compared to the 
coirespoiuhng as-cast sligis 

Ihc haiducss ol heat tieatcd strips is always higher than that of the as cast 
ships, because ol Mg 2 Si phase occutinig alter the heat treatment 
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Fig 5 6 r (Icct on % elongation of wl % giaphite (coaise) 
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Fig 5 7 Ettcct on % elongation of wl % giaphile (fine) 
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Fig 5.9 Effect on haidness of wt %giapliite (fine) 





5 2 2 Etlect ol the RPM of caster drum 

SpcL-d o( lolation ol the caslci dium on which solidification of the molten alloy 
Ukes place, laigcly allccts the mechanical pioperties of the composite ships As it 
also allccts the latc ol pioduction of strips, its optimization is an important step 
Figuic 5 10 shows the ellcct of ipm on the tensile strength of the strips Strips for 
these tests wcie cast with 7 wt % graphite for both fine as well as coarse graphite It 
IS seen that the U I S ol ships having fine giaphite particles increases from 114 MPa to 
144 MPa, when the ipm is vaned fiom 14 to 22 rpm This trend is m conformity with 
that obseivcd by Rao [1] The icason loi this tiend is related to the higher rate of 
solidiliealion ol ships at highci ipm This rate of solidification depends upon the 
theimal giadicnt that is present between the surface of the caster surface and the melt 
Ibis giadionl is a lunction of melt tempeiature, and the heat transfer coefficient 
acioss the melt/dium inteilace So when the drum rotates, the contact area between 
the dium and the melt increases Imeaily with the increase m rpm of the drum and this 
causes high latc of heat tiansfer resulting m higher rate of solidification Rapid 
sohdiUeation causes a Imci giain structuie within the strip, which enhances its 

sticnglh 

higuies 5 1 1 and 5 12 show the effect of rpm on % elongation and hardness of 
the ships lespcchvcly Tlicie is a deciease m the % elongation with increase in rpm of 
the easlei dium One possible icason is that the highei rate of solidification prevents 
the escape ol abso.bcd gases This absorbed gas causes porosity resulting m decrease 
in % elongation value Hardness of the ships shows similar trends as that of the 
tensile stiength ol the stiips because of the small giam size factor 
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Fig 5 10 Iilicct of RPM on the tensile strength 
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Fig 5 11 hffect of RPM on the % elongation 
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Fig 5 12 Effect of RPM on hardness 
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5.3 EVALUAIION OF MICROSTRUCTURE AND INTERNAL 
QUALITY 

The overall properties of cast strips largely depend on the internal quality i e 
the amount of poiosity, segiegation of the particles and inclusions, as well as the 
surface quality of strips which, in turn, depend on the process parameteis like stirring 
time and melt temperature These effects can be observed by the miciostructures of 
the strips Based on the internal structure and distribution of graphite particles in the 
melt, the piocess parameters can be optimized 

5 3 1 Distiibiition of pai tides in the stiips 

When graphite particles arc put into the melt, only 65 % of the particles are 
incorporated in the matrix after solidification, and the remaining are lost in handling 
and slag removal operation This is desciibcd in some detail in section 5 1 In this set 
all expeiimcnls were petfoimed with 7 wt % graphite (both coarse and fine) addition 
m the melt with 2 5 wt % Mg It is seen in Figs 5 13 and 5 14 that fine particles 
have the tendency to agglomerate in the melt as compared to the coaiser ones, when 
casted at the same rpm This results m homogeneous and uniformly distributed 
coarse graphite particles in the melt 

Distiibution of particles is also affected by the rotational speed of the caster 
dium, which coiitiols the latc of solidification It is seen in Figs 5 14 and 5 15 that at 
14 ipm the coaise particles arc not as uniformly distributed as at 22 rpm The reason 
for this difference in behavior comes from the fact that at high rpm graphite particles 
do not get sulficient time to come up on to the melt surface and coagulate High rpm 
also increases the voilex and thus results in enhanced mixing in the melt pool region 
near the drum stiifacc Also care is to be taken that the porosity of the strip is not 
inci eased because higher ipm also reduces the lime available for absorbed gases in 
the melt to escape 
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Fig 5 14 Miciogiaph of Al-Si-7wt %giaphite (coaise), dium speed 22 RPM, 200X 
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Fig 5 15 Microgiaph of Al-Si-7wt %graphite (coarse), dium speed 14 RPM, 200X 
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5 3 2 Effect of process variables on strip quality 

Process variables like RPM of melt stirrer, stirring time, melt temperature, 
rotational speed of caster drum influence the overall strip quality so an attempt is 
made to suggest an ‘optimum value’ for each of these variables 

5 3 2 1 Effect of intensity of stirring and stirring time 

Intensity of stirring of melt is one of the important parameters which control 
the quality of the cast strips i e good surface, uniform distribution of particles and 
also the recovery of graphite particles High intensity of melt stirring and longer 
duration of stirring results m more uniform mixing of particles and increased 
recovery of graphite particles, by improving the wetting characteristics [16] Major 
deleterious effect of high speed and longer stirring time is the increased absorption 
of gases in the melt, which adversely affects the strength of the composite strips 
Figures 5 16 and 5 17 show the effect of stirring time and Figs 5 17 and 5 18 show 
the effect of intensity of stirring, on the distribution of graphite particles From a 
large numbeis of experiments, it is suggested that 400-500 rpm of stirring and 10-15 
minutes of stiirmg time are optimum 

5 3 2 2 Effect of particle size 

While Figs 5 14 and 5 19 show the uniform distribution of coarse particles. 
Figs 5 13 and 5 20 show the clustering of fine graphite particles to form a patch like 
stiuctuic All these samples were taken fiom the middle section of the cast strips to 
avoid ends effects 

5 3 2 3 Effect of speed of i otation of the caster drum 

Figuies 5 14 and 5 15 clearly show the effect of RPM for coarse graphite 
paiticles It IS obscived that agglomeration is not piedommant at 22 rpm and the 
giaphite pai tides aie equally spaced So a lotational speed of 22 rpm was taken to be 
ol the optimum value foi having a good quality strip 
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Fig 5 16 Miciograph of Al-Si-7wt % graphite (coarse), stuiing for 15 mm at 
250ipm of Stirling speed, 400X 



Fig 5 17 Microgiaph of Al-Si-7wt % graphite (coarse), stirring for 5 mm at 250ipm 
of stirring speed, 400X 
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Fig 5 18 Microgiaph of Al-Si-7wt % graphite (coaise), stirring for 5 miii at 550rpm 
of stilling speed, 400X 
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Fig 5 19 Microgtaph of Al-Si-7wt % graphite (coarse), castei dium speed of 18 
ipm, 200X 



Fig 5 20 Miciogtaph of Al-Si-7wt % giaphite (fine), caster drum speed of ISrpm, 
200X 
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5 3 2 4 Effect of melt temperature 

High melt temperature has a positive effect on the wetability of graphite 
paiticles, but at the same time it has the drawbacks of adsorbed gases in it High 
temperature also reduces the life of the tundish, stirring rod, giaphite stirrer blade, 
and causes the erosion of refractory particles, which appear in the melt as inclusions 
Since binary alloy of Al-Si with 2 5 wt % Mg has the melting point of 62(fc, 
sufficient time was given to bring down the melt temperature to this value Care was 
taken to ensure that the graphite particles did not start floating on the surface of the 
melt as it has lower density This was achieved by manually Stirling the melt in the 
ciucible 

5 3.4 Suiface quality of strips 

From the visual inspection of the top and bottom surfaces of the strips, it was 
evident that the roll side surface was plane and smooth as compared to the free 
surface Rao [1] has also reported the similar observations Surface finish of the 
thicker strips, which were cast at lower rpms of the caster drum, eg 12 to 14 rpm 
was inferior to thinner strips, which were cast at high rpms Roughness is also related 
to the intensity of stirring and stirring time prior to casting because increase m both 
lesults in increased amount of absorbed gases 

5 3 5 Segregation during solidification 

When the composite melt of Al-Si-graphite starts solidifying, Si being an 
alloying element piefercntially starts solidifying at the surface of the graphite 
paiticles It nucleates and glows on its surface [22,23] This hinders the direct 
contact of graphite and aluminium Graphite particles get entrapped into the last 
fice/ing inteidcndiitic zone of Al-Si alloy Figures 5 21 and 5 22 show the 
scgicgation ol silicon after solidification on the surface of graphite at lOOX and 
2500X magnification Silicon solidification should be uniform in the matrix as its 
picscncc leduces the unwanted interfacial leaction between graphite and aluminium 
(foimation of AI 4 C 3 ) [24] Foi having the uniform distribution of solidifying silicon, 
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the late of solidification should be high, which can be achieved at high RPM of the 
caster dium 

5 4 WEAR TEST OF GRAPHITE STRIPS 

A few wear tests were also conducted on stiips that were cast under different 
expeiimental conditions on “Wear and Friction Monitor, TR-20, Ducon, Banglore” 
Figure 5 23 is plot between amounts of wear that has occurred m different Al- 
graphite composite strips with the passage of time The load applied was about 5 kg, 
track ladius was 45 mm and the ipm of the steel disc was about 212 rpm to have a 
linear velocity of about Im/s It is seen in the plot that the composite strips which 
have more giaphite in them, undergo lesser wear for the same time period 
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Fig. 5.21 Micrograph of Al-Si graphite showing segregation of silicon, lOOX 


Fig. 5.22 Micrograph of Al-Si graphite showing nucleation of silicon at gi'aphite surface, 
25()(}X 


Fig 5 21 Amount of wear in the composite ship with time 
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CHAPTER 6, 


SUMMARY AND CONCLUSIONS 

The piesent investigation can be divided into two paits In the first stage 
composite strips of alumimuin alloy reinforced with graphite, have been produced 
using single roll continuous strip caster It is designed and fabricated in the 
laboiatoiy by Mehrotra and cowoikeis for pioducing near shape metal strips The 
mam objective of this pait of the investigation was to establish the feasibility of 
pioducing aluminium graphite composites ships on that caster and to optimize the 
piocess patameteis Production of stiips involved melt preparation during which melt 
was alloyed with magnesium and pielieating of particles was done to improve the 
wetting pioperty of giaphite Vortex method of preparing the melt was employed and 
continuous stiirmg of the melt was done to furthei improve the wetting and 
homogeneity of the particles in the melt 

In the second pait the microstructure and mechanical properties of these strips 
weie evaluated Mechanical testing was done by examining the ultimate tensile 
sticngth, %clongation and hardness of stiips m both as-cast and heat-treated 
conditions Vaiious eflccts of process parameters like amount and size of graphite 
particulates, speed of rotation of the caster drum temperature etc were also 
examined Miciostiuctural investigations were based on optical and scanning 
electron micioscopy to study the distribution ol particles in the strip and to calculate 
the recovery ol graphite particles 

Several experiments were pei formed to analyze the effects of various process 
paianietcts and to find optimal value of each of these to produce good quality strips 
Based on these observations following conclusions are drawn 

- It is possible to produce aluminium alloy- graphite particulate MMC strips by 
using vortex method combined with single roll continuous strip caster 

- Stiips of diflcrent composition can be fabricated by varying the process 
paiainetcis 

- Pichcatmg of giaphite paiticlcs before mixing into the melt helps in obtaining 
better recovery 
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Addition of certain alloying elements such as magnesium helps m improving 
the wetting chaiacteristics of graphite 

It IS not possible to mcoiporate graphite particles of size less than 44 pm into 
the melt 

Increase in degasser compound in the melt substantially reduces drastically 
the recoveiy of graphite particles 

Fine particles show better strength than coarse paiticles if cast with the same 

rotational speed of the caster dium 

Coarse particles have better recovery than fine particles 

Stiength of the composite strips decreases with the inci eases in graphite 
content 

Addition of magnesium makes the alloy heat treatable and heat tieatment 
incieases the overall stiength of the composite It may even be more than the 
stiength of the Al-Si alloy matrix 

Higher ipm of caster ditim shows better distribution of graphite particles 
Stiength of composite strip is also highei for strips cast at higher rpm 
Segregation of silicon and its nucleation is observed at the surface of graphite 
particles 

The roll side surlace of the strip is smooth while the top side surface exhibits 
loughness 

Strength of composite strips pioduced by this technique is comparable with 
those pioduced using the conventional techniques of pioducing aluminium 
graphite composites 

Ductility decreases while hardness of the strips increases by heat treatment of 
strips 

Wear piopeitics of composite sheets shows better results with increasing 
content of giaphite 
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APPENDIX 


Physio-clicmistry of wetting 

The wettability ot a solid by liquid melt is indicated by the contact angle 9 this angle 
IS conclated to the thiee suifacc cncigy Ylg Ysl of solid-gas, hquid-gas and 

sohd-hquid interfaces as shown below in the figiiie respectively through the well 
known Young’s equation 

Yig cos 0 = Ysg ■ Ysl 


Yig 



I'oi Iht welting to take place, the ncccssaiy condition is 

cos 0 > 0 1 e 0 < 90° 

I'loni this condition it is inlciicd that lowei the angle of contact, bettei is the wetting 
111 othci wokIs Ysg > Tsl 'I ho diiving foice Fw, foi wetting can be defined as 

Fw “= Ysg " Tsl hi the cxtiemc case when Fw >= Ylg ? ^ the liquid spieads 

spontaneously on the solid Foi contact angle 0 >90°, the capillary effect requires an 
external pressme in oidci that the liquid wets the solid in contact with it However, 
the application of picssiue does not always completely solve the piobleni, since 
shiiiikagc dining the solidification may be large enough to cause debondmg oi void 
foi Illation 
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